■ Little agreement exists as to acute dopamine (DA) manipulation effects on intertemporal choice in humans. We previously found that catechol-O-methyltransferase (COMT) Val158Met genotype predicts individual differences in immediate reward selection bias among adults. Moreover, we and others have shown that the relationship between COMT genotype and immediate reward bias is inverted in adolescents. No previous pharmacology studies testing DA manipulation effects on intertemporal choice have accounted for COMT genotype, and many have included participants in the adolescent age range (18-21 years) as adults. Moreover, many studies have included female participants without strict cycle phase control, although recent evidence demonstrates that cyclic estradiol elevations interact with COMT genotype to affect DA-dependent cognition. These factors may have interacted with DA manipulations in past studies, potentially occluding detection of effects. Therefore, we predicted that, among healthy male adults (ages 22-40 years), frontal DA tone, as indexed by COMT genotype, would interact with acute changes in DA signaling to affect intertemporal choice. In a double-blind, placebo-controlled design, we decreased central DA via administration of an amino acid beverage deficient in the DA precursors, phenylalanine and tyrosine, and tested effects on immediate reward bias in a delaydiscounting (DD) task and working memory ( WM) in an n-back task. We found no main effect of beverage on DD or WM performance but did find significant beverage*genotype effects. These results suggest that the effect of DA manipulations on DD depends on individual differences in frontal DA tone, which may have impeded some past efforts to characterize DAʼs role in immediate reward bias in humans. ■
INTRODUCTION
Little agreement exists among numerous studies on the effects of acute dopamine (DA) signaling changes on impulsive decision-making in intertemporal choice or delay-discounting (DD) tasks. Some data indicate that elevating DA increases impulsive decision-making (Pine, Shiner, Seymour, & Dolan, 2010) , whereas other data argue that elevating DA decreases (Kayser, Allen, NavarroCebrian, Mitchell, & Fields, 2012; de Wit, Enggasser, & Richards, 2002) or does not change (Acheson & de Wit, 2008; Hamidovic, Kang, & de Wit, 2008) impulsive decisionmaking. Acutely reducing striatal DA signaling produces no apparent effect on impulsive choice (Pine et al., 2010) . To date, no studies have tested whether functional genetic polymorphisms in the DA system modulate the effect of acute DA manipulations on impulsive decision-making. However, a recent study of WM in women found that the cognitive effects of a cyclic elevation of estradiol depend on a genetic index of tonic frontal DA, a polymorphism in the gene encoding the catechol-O-methyltransferase (COMT) enzyme (Jacobs & DʼEsposito, 2011) , which is thought to reflect the stimulatory effect of estrogen on DA signaling (Kritzer & Kohama, 1998; Becker, 1990) . Moreover, the effects of COMT inhibition on both WM and gambling task performance depend on COMT genotype (Farrell, Tunbridge, Braeutigam, & Harrison, 2012) . A valine (val)-to-methionine (met) substitution at codon 158 of COMT (Val158Met; rs4680) yields a fourfold reduction in COMT enzymatic activity (Lachman et al., 1996) , resulting in lower cortical DA in val/val homozygotes relative to the met/met genotype (Wu et al., 2012; Chen et al., 2004) , as COMT metabolizes DA (Kaenmaki et al., 2010; Yavich, Forsberg, Karayiorgou, Gogos, & Mannisto, 2007; Tunbridge, Bannerman, Sharp, & Harrison, 2004; Gogos et al., 1998) and is the primary regulator of DA clearance in the PFC (Kaenmaki et al., 2010; Karoum, Chrapusta, & Egan, 1994) .
Our previous work has found that COMT Val158Met genotype predicts individual differences in impulsive decision-making among adults. Specifically, adults with the COMT val/val genotype discount delayed rewards to a greater extent than met allele carriers (Smith & Boettiger, 2012; Boettiger et al., 2007) and have increased activity in the dorsal PFC compared with met allele carriers (Boettiger et al., 2007) . Therefore, we hypothesized that frontal DA tone, as indexed by COMT genotype, would interact with acute changes in DA signaling in affecting impulsive choice. Rather than replicate previous methods of acutely manipulating DA, we chose to take a novel approach to acutely reducing DA signaling. Specifically, we transiently reduced DA by administering an amino acid beverage deficient in the amino acids required for DA synthesis, phenylalanine and tyrosine (P/T; Karobath & Baldessarini, 1972) . We then tested whether acutely lowering DA signaling via P/T depletion (Leyton et al., 2004; Booij, Van der Does, & Riedel, 2003; Montgomery, McTavish, Cowen, & Grasby, 2003; Moja, Lucini, Benedetti, & Lucca, 1996; Sheehan, Tharyan, McTavish, Campling, & Cowen, 1996) in healthy adult male volunteers changed impulsive decision-making in a DD task (Altamirano, Fields, DʼEsposito, & Boettiger, 2011) . To evaluate whether the effect of transient DA changes on impulsive choice might be mediated through effects on working memory (WM) function, we also tested WM performance using an n-back task (Jacobs & DʼEsposito, 2011; Gray, Chabris, & Braver, 2003) . Critically, all participants were genotyped for the COMT Val158-Met polymorphism to assess whether acute behavioral effects of acute DA depletion depended on this underlying trait measure of frontal DA.
METHODS Participants
Healthy men (n = 15) were recruited from the University of North Carolina at Chapel Hill and surrounding community. Participants were 22-40 years old, were native English speakers, and had at least a high school education. Participants were screened for psychoactive medication/ drug use, past or current psychiatric or neurological disorders, diabetes, and phenylketonuria. Participants gave written, informed consent as approved by the University of North Carolina at Chapel Hill Office for Human Research Ethics. Participants were paid for participating; payment did not depend on performance.
General Procedure
We used acute P/T depletion to temporarily reduce DA levels in a double-blind, placebo-controlled, within-subject, counterbalanced design. Participants followed a lowprotein (<20 g) diet for 24 hr before each session and fasted from midnight until session onset between 7 and 9 a.m. On arrival, participants completed the Brief Profile of Mood States (POMS; McNair, Lorr, & Droppleman, 1971) and provided a blood sample via finger prick immediately before consuming either the placebo or P/T depleting amino acid beverage (P/T[−]). POMS scores were converted to t scores for statistical analyses. After a waiting period of ∼5 hr to achieve low P/T levels (Sheehan et al., 1996) , participants provided a second blood sample and immediately completed the computerized cognitive tasks, followed by completing the POMS. During the wait period, participants had access to low protein snacks, and after the computerized tasks were completed, participants were offered a high-protein snack. Participants completed testing in two sessions, separated by ≥72 hr. Testing was performed blind to genotype.
Amino Acid Beverages
Amino acid mixtures (prepared by SHS International, Liverpool, UK) consisted of (in g):
Placebo: L-alanine, 4.1; L-arginine, To reduce the risk of nausea and emesis, 20% reductions in the above quantities were administered to participants weighing <160 lb (n = 2). Beverages were mixed with 8 oz of cold tap water and a flavoring packet (Nutricia, Gaithersburg, MD) in a sterile cup.
Behavioral Inventories
Participants completed a battery of questionnaires before cognitive testing in Session 1. These data allowed us to determine whether the genotype groups differed in terms of socioeconomic status (SES) or behavioral trait measures that could influence impulsive choice. SES was quantified according to Hollingshead (Hollingshead, 1975) . According to the method of Barrat, for current students, only parental SES information was included in the calculation, while both parental and personal SES information was included for non-students (Barratt, 2006) . Other standard questionnaires included: the Alcohol Use Disorders Identification Test (Saunders, Aasland, Babor, de la Fuente, & Grant, 1993) , the Barratt impulsiveness scale (Barratt, 1994) , the Drug Use Screening Inventory (Tarter, 1990) , the Family Tree Questionnaire (Mann, Sobell, Sobell, & Pavan, 1985) , the Future Time Perspective Inventory (Wallace, 1956 ), Rotterʼs Locus of Control Scale (Rotter, 1966) , Spielbergerʼs State-Trait Anxiety Inventory (Spielberger, 1985) , the Beck Depression Inventory (Beck & Steer, 1987) , and the Anti-social Practices Scale of the Minnesota Multiphasic Personality Inventory 2 (Butcher, Graham, Williams, & Ben-Porath, 1990 ). Genotype groups did not differ on any of these measures (Table 1) .
Amino Acid Plasma Analysis
Blood samples were analyzed to determine the total plasma P/T levels and the ratio of P/T to other large, neutral amino acids (P + T/AELNAA ratio) before and after consumption of the P/T[−] beverage. This ratio was calculated from the total serum concentrations of P and T divided by the sum of the other large neutral amino acids (tryptophan, valine, isoleucine, and leucine). This ratio is a measure of the availability of DA the brain (Montgomery et al., 2003) . Using aseptic technique, we used a contact-activated lancet (BD Biosciences, San Jose, CA) to collect 150 μl of blood from the finger. Samples were stored frozen at −20°C until analysis. A 50 μl aliquot of serum sample was extracted with 150 μl of precooled (−20°C) methanol and vortexed for 30 sec. After storing for 10 min at −20°C, samples were centrifuged at 10,000g for 10 min at 4°C. An aliquot of the 160 μl supernatant was transferred to a glass sampling vial to vacuum dry at room temperature. The residue was derivatized using a two-step procedure. First, 80 μl methoxyamine (15 mg/ml in pyridine) was added to the vial and kept at 30°C for 90 min. An amount of 10 μl retention index compounds (the mixture of C10-C40, 50 μg/ml) and 80 μl BSTFA (1% TMCS) were added into the reaction vials. The samples were then subjected to 70°C for 120 min for the derivatization reaction. Each 1 μl aliquot of the derivatized solution was injected in splitless mode into an Agilent 7890N gas chromatograph coupled with a Pegasus HT time-of-flight mass spectrometer (Leco Corp., St. Joseph, MI). Separation was achieved on a DB-5 msec capillary column (30 m × 250 μm I.D., 0.25 μm film thickness; Agilent Technologies, Folsom, CA), with He as the carrier gas at a constant flow rate of 1.0 ml/min. The temperature of injection, transfer interface, and ion source were set to 260°C, 260°C, and 210°C, respectively. The GC temperature programming was set to 2 min isothermal heating at 80°C, followed by 10°C/min oven temperature ramps to 220°C, 5°C/min to 240°C, and 25°C/min to 290°C, and a final 8-min maintenance at 290°C. Electron impact ionization (70 eV) at full scan mode (m/z 40-600) was used, with an acquisition rate of 20 spectra/sec in the TOFMS setting. The data generated from the GC-TOFMS instrument were analyzed with ChromaTOF software (v4.22, Leco Corp., St. Joseph, MI).
Genotyping
COMTval158met (rs4680) genotyping was performed on DNA extracted from saliva samples (DNA Genotek, Kanata, Ontario, Canada) using TaqMan technology (Applied Biosystems, Foster City, CA), as described previously (Boettiger et al., 2007) . Genotyping was performed by the Duke Center for Human Genetics. Allele frequencies in this sample did not deviate from Hardy-Weinberg equilibrium (χ 2 = 1.55, df = 1, p = .21). Met carriers included individuals homozygous and heterozygous for the met allele. 
DD Task
The DD paradigm was based on a previously described task (Smith & Boettiger, 2012; Altamirano et al., 2011; Mitchell, Fields, DʼEsposito, & Boettiger, 2005) . Participants were given task instructions and a short practice session to become familiar with the task. Participants viewed stimuli on a colored LCD screen and used a manual keypad for response selection; the task was completed within a mock scanner. In the task, participants made a series of choices between smaller, sooner (Now) and larger, later (Later) hypothetical monetary rewards and were instructed to choose as if they would actually receive their choices. Later amounts were $2, $5, $10, $20, or $100 at one of five future delays: 1 week, 2 weeks, 1 month, 3 months, or 6 months. The Now option was always available "TODAY" and was 70%, 85%, 90%, or 95% of the Later amount. Left/right position of the Now option was equifrequent and pseudorandomized. Participants were shown a cue in each trial indicating how to select between the subsequently displayed options. Instruction cues included WANT ( W), DONʼT WANT (DW), SOONER, and LARGER, with the latter two conditions considered together as "CONTROL" (CON). In W trials, participants indicated their preferred option. Our primary dependent measure was the proportion of Now choices relative to all W condition choices made, the impulsive choice ratio (ICR). A secondary dependent measure was the area under the curve (AUC), calculated from the ICR plotted as a function of delay time. In DW trials, participants were asked to make the same choice, but to press the button corresponding to the opposite choice. On CON trials, participants made objective choices based on instruction cue. The task consisted of eight blocks of 42 trials each. The order of trial types was the same for all participants; however, the delayed amount, delay time, and discount were pseudorandomly ordered. Trial type frequencies were weighted with ratios of 1:2 for the W condition and 1:6 for each of the other conditions. Intertrial intervals varied between 2 and 4 sec, with order fixed across participants. Participants saw each of the 120 possible choices two to three times, although not necessarily in the same trial type context.
WM Task
The n-back task was a modified version of a published task (Jacobs & DʼEsposito, 2011 ). Participants were given task instructions and a short practice session before testing. Participants viewed stimuli on a colored LCD screen and used a keypad for manual response selection. Briefly, participants completed 16 blocks of 20 trials each, at three WM loads (eight 0-back blocks, four 2-back blocks, and four 3-back blocks) ordered in one of two pseudorandom sequences counterbalanced by session across participants. Participants were instructed on the condition (0-, 2-, or 3-back) at the start of each block. A block consisted of serially presented white consonant letters (duration: 1 sec each), with a 1-sec delay between letters. Participants were instructed to press one button for targets ("1" key on keypad) and another button for nontargets ("2" key). For 0-back trials, the target letter was the letter "X," whereas in 2-and 3-back trials, target letters matched the letter seen 2 or 3 previously in the stream, respectively. Lures were letters seen previously in the stream but at ±1 position from the target position (e.g., lures in the 3-back condition were 2-or 4-back letter matches). Accuracy and RT measures were collected for each trial. One participant was excluded from the WM analysis because of computer equipment failure.
Statistical Analysis
For single factor statistical comparisons within and between groups, we used paired and unpaired two-tailed t tests, respectively. For multifactorial comparisons, we used repeated-measures ANOVA. To ensure the validity of parametric statistical tests, we used an arcsine-root transformation of ICR data before statistical comparisons. When necessary, a Greenhouse-Geisser nonsphericity correction was applied. All statistical tests were conducted using Excel or SPSS (SPSS, Inc., Chicago, IL). Values reported as mean ± SEM, unless otherwise stated. Effect sizes for ANOVA are reported as η 2 , and effect sizes for t tests are reported as Cohenʼs d.
RESULTS

Dopamine Precursor Manipulation
P/T depletion produced significant reductions in both the concentrations of P/T and the P+T/AELNAA ratio. A repeated-measures ANOVA revealed a significant twoway interaction between Beverage (P/T[−], placebo) and time point (baseline, +5 hr), resulting in significant reductions in phenylalanine levels, F(1, 14) = 82.0; p < .001, η 2 = 0.34, tyrosine levels, F(1, 14) = 44.0; p < .001, η 2 = 0.34, and the P+T/AELNAA ratio, F(1, 14) = 28.5; p < .001, η 2 = 0.14, 5 hr post-P/T depletion relative to placebo. Simple effects analyses showed a significant decrease in plasma phenylalanine levels, t(14) = 14.98, p < .001, d = −2.12, and tyrosine levels, t(14) = 4.85, p < .001, d = −1.11, in the P/T depletion session, averaging 45.7 ± 3.3% and 50.7 ± 2.9%, respectively. There was also a significant decrease in the P+T/AELNAA ratio, t(14) = 13.72, p < .001, d = −3.39, in the P/T depletion session, averaging 76%.
Lowering Dopamine Does Not Affect Blood Pressure or Mood State
Although P/T depletion has been reported to decrease systolic and diastolic blood pressure (Moja et al., 1996) , a repeated-measures ANOVA found no significant effect of P/T depletion on either systolic blood pressure (Time × Beverage interaction, F(1, 14) = 0.89; p = .36, η 2 = 0.02) or diastolic blood pressure (Time × Beverage interaction, F(1, 14) = 1.68; p = .22, η 2 = 0.02). The discrepancy may be because of differences in amino acid beverage formulation between our and Moja et al.ʼs study.
Confirming a recent meta-analysis of P/T depletion effects in healthy controls (Ruhe, Mason, & Schene, 2007) , we found that P/T depletion did not significantly affect mood state. A comparison of POMS scores before consuming the beverage and after the 5-hr wait period found no significant effect of P/T depletion on mood (Time × Beverage interaction, F(1, 14) = 1.49; p = .24, η 2 = 0.01).
Effects of Lowering Dopamine on DD Behavior Interact with COMT Genotype
Our analysis of the ICR data found no significant effect of P/T depletion on the ratio of impulsive choices, t(14) = 0.25, p = .80 ( Figure 1A ). When the participants were separated by COMT genotype, however, we observed a significant beverage by genotype interaction, F(1, 13) = 4.96; p = .044, η 2 = 0.27 ( Figure 1B ). There was no significant difference in ICR when comparing the P/T[−] and placebo sessions within COMT genotype group, but there were large but nonsignificant increases in ICR among val/val participants, t(3) = −1.62, p = .21, d = 0.61, and nonsignificant decreases in ICR among met carriers, t(10) = 1.44, p = .18, d = −0.15, after P/ T depletion. Considering a secondary dependent measure of immediate reward bias, the area under the ICR by delay curve (AUC), we likewise found a significant beverage by genotype interaction effect on AUC, F(1, 13) = 6.05, p = .029, η 2 = 0.31. As for the ICR measure, after P/T depletion, AUC increased for val/val participants, t(3) = −1.89, p = .16, d = 0.57, and decreased for met carriers, t(10) = 1.81, p = .10, d = −0.16, although neither change reached statistical significance. The plasma P+T/AELNAA data also indicate that greater biochemical depletion after P/T depletion predicted larger changes in ICR after P/T depletion (compared with placebo; r = 0.33, p = .17), but this effect did not reach statistical significance. The interacting effect of COMT genotype and P/T depletion on immediate reward bias does not appear to be because of differences between genotype groups in terms of age, SES, personal or familial substance use, or any of several psychometric measures (Table 1) .
We also examined the effect of P/T depletion on the consistency of response selection by determining the inferred ICR from the DW trials as a function of delay time and calculating the average of the absolute difference between the ICR and inferred ICR values at each delay time. This value represents a gross measure of motor impulsiveness, with larger values indicating less controlled response selection. In considering the whole sample, we found no significant effect of P/T depletion on response consistency, t(14) = −.75, p = .47 ( Figure 1C) . Separating participants by COMT genotype, however, revealed a significant beverage by genotype interaction, F(1, 13) = 6.1; p = .029, η 2 = 0.32 ( Figure 1D ). This finding reflects a large, significant increase in response consistency among val/val participants following P/ T depletion, t(3) = 3.45, p = .041, d = 1.03, and a moderate, but nonsignificant, decrease in response consistency among met carriers following P/ T depletion, t(10) = −1.82, p = .10, d = −0.61. Greater biochemical depletion in the P/T[−] condition did not predict larger changes in response consistency (r = 0, p = .99). This result indicates that the trend toward higher ICR among val/val participants following P/T depletion is not likely because of an increase in motor impulsiveness. Accuracy in the CON trials did not differ significantly between the P/T[−] (94.2 ± 1.9%) and placebo session (94.2 ± 1.2%; t(14) = −0.04, p = .97, d = −0.01). We did, however, observe a trend toward a beverage by genotype interaction, F(1, 13) = 3.6; p = .080, η 2 = 0.21, with val/val participants performing more accurately on the P/T [−] beverage (98.3 ± 0.7%) compared with the control beverage (93.4 ± 3.3%) and met carriers performing slightly less accurately on the P/T[−] beverage (92.8 ± 2.5%) compared with the control beverage (94.4 ± 1.2%).
Dopamine Depletion Effects on WM Depend on COMT Genotype
Given the well-established role of DA in modulating WM performance, we also tested whether our P/T depletion manipulation influenced WM performance on an n-back task. The results of a mixed measures ANOVA (Beverage × Load) found a main effect of Load, F(2, 26) = 32.6; p < .001, η 2 = 0.57, whereby accuracy decreased with increasing load. This analysis failed to detect either a main effect of Beverage, F(1, 26) = 1.3; p = .27, η 2 = 0, or a significant interaction between Beverage and Load, F(2, 26) = 0.35; p = .71, η 2 = 0. Given our a priori hypothesis that depleting DA should impair WM performance, we compared average accuracy in the 2-and 3-back conditions between beverage conditions. Considering the sample as a whole, we found no significant main effect of P/ T depletion on WM accuracy, F(1, 12) = 0.002; p = .97 (Figure 2A) . However, separating participants by COMT genotype revealed a nearly significant Beverage × Genotype interaction, F(1, 24) = 4.57; p = .054, η 2 = 0.25 ( Figure 2B ). This result reflects a significant reduction in WM accuracy in the met carriers following P/T depletion, t(9) = −3.3, p = .009, d = −1.17, coupled with no significant effect on accuracy among val/val participants, t(3) = 0.70, p = .53, d = 0.41. The magnitude of biochemical depletion in the P/T[−] session did not predict changes in WM performance (r = −0.13, p = .63). We observed no significant effect of P/T depletion on accuracy in 0-back trials, F(1, 12) = 0.56; p = .47, η 2 = 0, even when participants were separated by COMT genotype (Beverage × Genotype interaction, F(1, 12) = 0.06; p = .82, η 2 = 0).
Dopamine Depletion Effects on RT
Although profoundly depleting DA should induce Parkinsonian motor impairment, we did not observe significant effects of P/T depletion on RT in either the DD task or the n-back task (Table 2) . When participants were grouped by COMT genotype, we observed no beverage by genotype interaction for either the DD or n-back tasks (maximum F = 0.6). We did, however, find a significant positive correlation between the effect of P/T depletion on average RT in the cognitively demanding (2-and 3-back) n-back trials and the cognitively demanding (W and DW) DD task trials (r = 0.74, p = .003; Figure 3A) . In other words, the degree to which P/T depletion slowed a participantʼs RT in the 2-and 3-back trials predicted the degree to which their RT slowed in the W and DW trials. This relationship was specific to more cognitively demanding trials, as we found no significant relationship between the effect of P/T depletion on average RT in the 0-back trials of the n-back task and the CON trials of the DD task (r = −0.01, p = 98; Figure 3B ). The magnitude of change in the P+T/AELNAA ratio in the P/T[−] session was significantly correlated with P/T depletion-induced slowing in the W/DW trials (r = 0.53, p = .042) and was nearly significantly correlated with depletion-induced RT slowing in the 2-/3-back trials (r = 0.52, p = .058). The RT slowing effect of P/T depletion in the subjective choice trials of the DD task did not correlate with P/T depletion effects on ICR (r = 0.07, p = .79). In contrast, the RT slowing in the WM trials of the n-back task was positively correlated with improved WM accuracy (r = 0.59, p = .042).
DISCUSSION
Temporarily lowering DA in adult male humans led to COMT genotype-dependent effects on immediate reward bias, within-session response selection consistency, and WM performance. Across tasks, we also observed COMT genotype-independent RT slowing that was limited to the more cognitively demanding conditions.
Implications for the Role of Dopamine in Immediate Reward Bias
These results provide the first demonstration in humans of a COMT genotype-dependent effect of manipulating DA on intertemporal choice behavior, suggesting that individual differences in frontal DA tone may have impeded many of the past efforts to characterize the influence of DA on the discounting of delayed rewards in human participants. P/T depletion substantially increased immediate reward bias among val/val participants, while producing minimal change among met allele carriers. Studies in animal models strongly implicate DA in regulating immediate reward bias, generally finding that elevating DA reduces immediate reward bias (Doya, 2008) . In contrast, in humans, the evidence as to whether acute DA changes can affect Now bias is mixed (Kayser et al., 2012; Pine et al., 2010; Acheson & de Wit, 2008; Hamidovic et al., 2008; Dwoskin, Rauhut, KingPospisil, & Bardo, 2006; de Wit et al., 2002) , except in impulsive populations, where elevating DA reduces Now bias (Pietras, Cherek, Lane, Tcheremissine, & Steinberg, 2003) . Four factors may contribute to this discrepancy in the literature. First, 158 Val/ Val is the ancestral COMT genotype, with the 158 Met arising first in humans (Palmatier, Kang, & Kidd, 1999) . As a consequence, all animal studies have been limited to 158
Val/ Val individuals, whereas the human studies have likely tested mixed COMT genotype samples. Second, excepting (Kayser et al., 2012) , all DA manipulations used to date in humans act predominant on striatal, not cortical, DA. If frontal and striatal DA play different roles in modulating immediate reward bias, as proposed for other DA-dependent functions (Cools, Miyakawa, Sheridan, & DʼEsposito, 2010; Meyer-Lindenberg et al., 2005; Bilder, Volavka, Lachman, & Grace, 2004; Cohen, Braver, & Brown, 2002; Crofts et al., 2001) , elevating striatal DA could have distinct effects on immediate reward bias. Third, no pharmacological studies to date of immediate reward bias have accounted for genetic differences (such as COMT genotype) that could moderate the effects of DA manipulations. Finally, excepting (Hamidovic et al., 2008) , previous studies have not accounted for cycle-dependent variance in frontal DA function (Jacobs & DʼEsposito, 2011) , which would be expected to modify Figure 3 . There is a relationship between the effect of P/T depletion on DD task RT and WM n-back task RT. (A) There is significant positive correlation between the effect of P/T depletion on the RT in 2-and 3-back trials in the n-back task and RT during the W and DW trials of the DD task (r = 0.74, p = .003). (B) There is no significant relationship between the effect of P/T depletion on RT in 0-back trials and RT in the CON trials of the DD task (r = −0.01, p = .98). CON = control trials; DW = donʼt want trials; P/T[−] = phenylalanine/tyrosine depletion; W = want trials.
the discounting behavior of female participants. Finally, previous studies have tested mixed age populations from ages 18 to 30+ years, which adds another source of substantial variability (Smith & Boettiger, 2012) . Given the small sample sizes in previous pharmacological studies, genetic, cycle, and age factors likely introduced variability that appeared random and may have occluded the detection of true pharmacological effects. We also note that COMT activity varies not only as a function of genotype but also as a function of sex, with a globally reduced COMT activity in women relative to men (Chen et al., 2004) ; therefore, different sex ratios across genotypes may have further complicated findings in previous studies. Moreover, two studies have reported stronger impulsivity-related associations with Val alleles in women than in men (Lang, Bajbouj, Sander, & Gallinat, 2007; Qian et al., 2003) . Future studies of DA regulation of impulsive choice specifically in women are warranted, but cyclic variation in DA signaling and interaction of DA manipulations with cycle via the infundibular DA system will necessarily complicate such studies.
Implications for the Role of Dopamine in WM
The reduction in WM performance after P/T depletion in met carriers is consistent with a wide body of literature implicating frontal DA in WM performance (Cools & DʼEsposito, 2011; Williams & Castner, 2006; GoldmanRakic, Muly, & Williams, 2000; Sawaguchi & GoldmanRakic, 1991) . Moreover, these data are consistent with previous studies showing that P/T depletion impairs performance on tasks dependent on WM (Nagano-Saito et al., 2008; Harrison et al., 2004; Gijsman et al., 2002; Harmer, McTavish, Clark, Goodwin, & Cowen, 2001 ). Our finding that P/T depletion also increased response consistency in the DD task for val/val participants while it decreased response consistency among met carriers suggests that P/ T depletion had consistent genotypedependent effects on executive control across tasks. The dissociation of immediate reward selection bias from executive control effects, however, indicate that immediate reward bias cannot be fully attributed to impaired executive function. However, our data imply that the involvement of DA in WM performance is not simply a reflection of frontal DA tone. DA depletion did not affect val/val participantsʼ WM performance, despite the fact that their average placebo condition accuracy levels were >85%, leaving considerable room for degradation in performance. It is important to consider that our P/T depletion does not selectively deplete frontal DA and that effects of striatal DA depletion on task performance may occlude effects of depleting frontal DA. Indeed a recent study showing that COMT inhibition, which presumably elevates frontal DA selectively, has COMT genotype-dependent effects on WM performance: Elevating frontal DA worsened the performance of met/ met individuals and improved the performance of val/val individuals (Farrell et al., 2012) . Moreover, DA depletion effects on cognition likely reflect not only changes within DA-sensitive brain regions but also changes in connectivity between DA-sensitive structures (Nagano-Saito et al., 2008) . However, our finding that DA depletion did not globally slow RTs, but instead tended to slow RTs under cognitively demanding conditions, suggests the possibility that P/T depletion, at this dose, exerts relatively greater effects on cortical DA levels than on striatal DA signaling (at least the dorsal striatum). We also note that COMT is only indexing a presynaptic measure of frontal DA, whereas postsynaptic DA signaling factors may also be playing a role in modulating WM function (Meyer-Lindenberg et al., 2007) .
Potential Neural Mechanisms and Methodological Limitations
There are a few limitations to the method we used to manipulate DA, acute P/T depletion. Although studies in rats and humans (Leyton et al., 2004) have shown that P/ T depletion reduces DA release in the striatum by at least 30%, it is possible that low DA levels in the brainstem may reduce DRD2 receptor-mediated somatodendritic autoinhibition, thereby increasing the firing of DA neurons and potentially increasing the release of DA in other projection regions. However, PET studies in humans have demonstrated that the degree to which the procedure reduces DA receptor occupancy in the striatum predicts the level of executive function impairment (Mehta, Gumaste, Montgomery, McTavish, & Grasby, 2005) ; effects on extrastriatal targets have not yet been adequately investigated. The caveat remains that the effects of P/T depletion on dopaminergic neurotransmission in humans are not yet fully understood and warrant further study. Beyond changes in DA within target regions, P/T depletion has been shown to reduce frontostriatal connectivity (Nagano-Saito et al., 2008) . This latter effect is particularly noteworthy here based on evidence that increasing frontostriatal connectivity predicts decreased immediate reward bias (Kayser et al., 2012) . Although studies in both rodents and humans suggest that P/T depletion does not affect norepinephrine (NE)-dependent processes (Leyton et al., 2004; McTavish et al., 2001; McTavish, Callado, Cowen, & Sharp, 1999; Sheehan et al., 1996) , one study found that P/T depletion reduced levels of a NE metabolite (Palmour, Ervin, Baker, & Young, 1998) . However, acute P/T depletion does not affect NEregulated melatonin levels, while it does alter DA-controlled prolactin levels Sheehan et al., 1996) . Therefore, although P/T depletion effects on NE levels cannot be ruled out completely, a variety of evidence suggests that any such effects are relatively minimal. Another limitation of P/T depletion is that it is subtler in terms of degree of depletion, relative to profound global forebrain DA depletions, which have been used in animals. Given the profound dependence of motor function on DA, the subtlety of the effects of P/T depletion on cognition are actually advantageous in that it allows detection of behavioral effects without confounding motor impairment. Finally, one may question the scientific value of investigating such a global, neuroanatomically nonspecific manipulation. Although global P/T depletion presumably affects numerous neural functions, we examined its effects on those engaged by particular behavioral tasks designed to test specific hypotheses about the role of frontal DA in intertemporal choice. It is noteworthy that this global DA manipulationʼs effects on executive functions were highly dependent on COMT genotype within adult males, and our findings imply that underlying individual differences should be taken into account in predicting or evaluating the effects of global DA manipulations on behavior. This issue is of biological and clinical relevance, because many drugs, both prescribed and illicit, act globally in the brain.
Our small sample size, particularly within the COMT val/val genotype group, is another significant limitation of this study. Although recruiting without regard for COMT genotype allowed the advantage of testing blind to genotype, it also limited our statistical power. Future studies in which participants are recruited specifically by COMT genotype could avoid this pitfall. Another issue is that epistatic relationships between the COMT SNP may underlie unexplained variance in the P/T depletion effects. Our sample size did not allow for consideration of other genetic variants that have been reported to interact with COMT genotype in influencing immediate reward bias (Paloyelis, Asherson, Mehta, Faraone, & Kuntsi, 2010) or WM (Tan et al., 2012; Stelzel, Basten, Montag, Reuter, & Fiebach, 2009 ). Moreover, other COMT SNPs have been identified as components of COMT haplotypes that influence behavior more predictably than do isolated SNPs (Pap et al., 2012; Tunbridge, 2010) . Future studies adequately powered to consider these likely interacting factors may help further illuminate trait based interactions with temporary state changes in DA signaling.
Despite these caveats, we propose that our results demonstrate the interacting roles of acute state and tonic trait levels of DA signaling in modulating executive function in humans. We have shown the first demonstration that a genetic marker of tonic cortical DA is critical for predicting effects of global DA manipulations on behaviors that engage frontal structures. Our findings provide novel empirical support for a model of frontal DA function, in which the effects of acute manipulations on cognitive function depend upon preexisting DA tone.
